Abstract: This paper presents the static balancing of a highly reconfigurable articulated wheeled vehicles with multiple leg-wheel subsystem. Articulated wheeled vehicles are a class of mobile robots which offer immense possibilities for enhanced locomotion-performance of autonomous mobile vehicles by virtue of the enormous reconfigurability within their articulated structure. However, changing the vehicle platform elevation could require considerable actuator power because of the payload. Hence, the main focus of this paper is to carefully evaluate various means for reducing or eliminating these static forces, principally due to the massand inertia-distribution within the system. It is noteworthy that although known apriori, such static forces often are significantly dependent upon the articulatedwheeled vehicle configuration. Hence, realizing the static balancing for all possible configurations of vehicle imposes special set of conditions on the geometric, mass and inertial parameters. In this paper, elastic elements such as springs are employed in conjunction with reconfigurable four-bar mechanism to achieve the static balancing. The essential principle is to realize that the total potential energy including the elastic potential energy stored in springs and gravitational potential energy becomes constant. Finally, we show that elimination of static torques due to gravity reduces the torque requirements and provides much more efficient design with significant reduction of the actuator sizes.
Introduction
Over the past decade, there has been a renewed interest among researchers in landbased locomotion systems for operation on unstructured terrain with increasingly diverse applications such as rough-terrain planetary explorations [1] , rescue operation and disaster environments.
The choice of mechanical-design architectures suitable for mobility on rough terrains can vary considerably. In general, wheeled systems perform fast, smooth and power-efficient on flat surfaces. In contrast, articulated legged systems such as quadruped Titan series [2] can have agile mobility on rough and unstructured environments. Hybrid Articulated Wheeled Vehicles architectures of the type shown in Fig. 1 , on the other hand, are often considered to exploit the benefits of both legged and wheeled systems.
In Articulated Wheeled Vehicles (AWVs), the chassis is connected to ground-contact wheels via articulated-multibody chains creating, in effect, a spatial parallel manipulator with reconfigurable structure. The resulting articulations allow the relocation of the wheels with respect to chassis during locomotion while providing the vehicle with significant reconfigurability and redundancy [3] . These intermediate-articulations may be viewed as nothing more than the traditional suspension-mechanisms, employed in vehicle-designs. However, the use of reconfigurability/adjustability with these alternate architectures (such as serial-, parallel-or hybrid-blends) can unlock significant potential performance benefits. For instance, the articulated-suspensions (with adequate workspace) can permit the vehicle to change the location of center of mass by adjusting the linkages joints, so as to avoid the rollover when passing the uneven terrain [4] .
Conventionally, the articulated mechanisms within the system serve the role of providing both kinematic constraints as well as load distribution to the ground. Load support can be achieved by a combination of actuation equilibration and structural equilibration. Here, our focus is on a new class of the articulated wheeled vehicles that allow a significant range of motion of the axle with respect to the chassis. In such cases, actuation-based equilibration becomes necessary but compensation for weight of the chassis and links requires very powerful actuators at the joints. However, a significant component of this load is due to gravity is configuration dependent. We can choose semi-active actuation such as springs to modulate the actuation requirements. In [5] , extensive simulations were employed to evaluate the capabilities of alternate leg-wheel designs for reducing the overall energy consumption of AWV while traversing on uneven terrain. Holding the chassis in static equilibrium requires Figure 1 Highly reconfigurable articulated wheeled vehicle with four actuators in each leg-wheel subsystem for maneuvering on uneven terrains.
considerable power because of the payload; thus, reducing or eliminating the static forces due to gravity needs careful consideration [6] . Undoubtedly, it leads to smaller size and less powerful actuators, and it also improves the efficiency and decreases the cost. A balanced articulated mechanism can be brought to static equilibrium in any of its configurations while exerting very small external forces. However, to the best of the authors' knowledge, static balancing of AWVs with variable ground-contact point has not been explicitly addressed in the literature from the point of view of reduction of actuator size. In this paper, in addition to having high performance, actuator power consumption reduction also is one of the biggest challenges. Therefore, the elimination of static torques due to gravity through static balancing reduces the torque requirements and provides much more efficient design.
The literature on static balancing shows a variety of applications. The application of gravity compensation in robotic systems ranges from robot-manipulators and hand-operated balanced manipulators to robotic rehabilitation systems for human extremities, exoskeletons and walking assist devices [7] . Gravity balancing has been applied to robotic manipulators via different approaches, such as using counterweights, springs and hydraulic actuators [8] .
In classical approach for gravity compensation of mechanical systems, counterweights are added in order to maintain the center of mass of the moving links completely stationary. In the literature there are different ways for adding counterweights to the original mechanical system: (i) mounting supplementary counterweights on the links of original system [9, 10, 11] , and (ii) mounting counterweights on an auxiliary linkage connected to the original system [12, 13] . However, adding supplementary masses to the robotic manipulators increases the total mass and the overall size of the robotic manipulators, thus designers decided to use electrical motors as counterweights for gravity compensation of these robotic manipulators [14] . Similarly, in parallel manipulators, adding auxiliary linkages equipped with counterweights increases the size of the manipulators and also increases the collision possibilities of extended moving links carrying counterweights.
In addition to counterweights, springs are also employed in mechanical systems to compensate the gravity effect. In the literature two types of springs have been used: (i) zero free-length springs, and (ii) non-zero free-length springs. The use of a zero free-length springs for complete gravity compensation of planar or spatial manipulators is unavoidable when the spring is connected directly with the robot links [15, 16, 17, 18, 19] and such a necessity disappears when the spring is connected with the robot links via a cable/pulley [20, 21, 22, 23] or an auxiliary mechanism [19, 24, 25] . Adding the cable and the circular [20] , non-circular [23] , or spiral [21] pulleys along with using the non-zero free-length spring enables complete gravity compensation. The auxiliary mechanisms such as gear train [26] , auxiliary linkages [25, 27] , and cam mechanism [24] have the same effect as the cables and the pulleys. They enable the gravity compensation by using non-zero free-length springs. The advantage of adding an auxiliary mechanism to the original mechanism is the increase of the free design parameters of the system. This allows optimization of gravity compensation by linkage synthesis methods.
The development of new gravity compensation solutions for exoskeletons, rehabilitation devices and walking assist devices shows significant potential of these methods in the rehabilitation field. In these systems, weight support can assist the patient to move the impaired limb. The balancing problem in these systems can be classified into two groups: (i) gravity compensation of body weight, and (ii) gravity compensation of the upper or lower extremities. In the stationary rehabilitation systems, gravity compensation suspension systems are frequently used for body weight support. For example, Lokomat (Hocoma AG, Volketswil, Switzerland) consists of a robotic gait orthosis and an advanced body weight support system. String-Man [28] includes seven cables connected to the patient's trunk to compensate the body weight. In a similar study, for assistance during locomotion, six springs are used in the suspension system to compensate the body weight [29] . There are some other examples for body weight support in the literature including: (i) gait rehabilitation trainer system in which the body weight suspension system is carried out via articulated linkage [30, 31] , (ii) gravity compensation of humanoid robots [32] by proposing a mechanism which reduces the joint torques of the legs, (iii) passive exoskeleton in which elastic elements acting in parallel with the leg that are able to store and redistribute energy over the human leg joints [33] , (iv) walking assist devices with body weight support for reducing the load on the user's legs during walking such as Honda [34] and SJTU-EX [35] .
To help patients whose muscles are weak, new devices have been designed to compensate the weight of lower and upper limbs in all configurations [36] . In [37, 38] , the center of mass of the leg is geometrically located using a parallelogram mechanism; then, springs are placed at suitable positions in order to fully compensate the effect of gravity over the range of motion. Design concepts of passive gravity-balanced assistive devices for sit-to-stand tasks have also been developed in [39] . The gravity compensation problem of several types of upper limb exoskeletons and spring assistive arm supports have also been designed in [40, 41] .
In this paper, the static balancing of highly redundant vehicle with four articulated legs is addressed. Each leg-wheel has 4-DOF and consists of reconfigurable four-bar mechanism to increase the reconfigurability of the parallel structure. The balanced mechanism has constant total potential energy (including elastic potential energy stored in springs as well as the potential energy due to gravity). Therefore, in the gravity-eliminated mechanism the actuators do not have to support the weight of links and platform; hence, they will support only the added payload. Consequently, in the statically balanced mechanism, actuators will be reduced in size and energy consumption will be minimized.
Gravity Compensation of Parallel Mechanisms by Elastic Elements
Parallel mechanisms are said to be statically balanced when the center of mass of the whole mechanism remain fixed for any arbitrary motion of the mechanism. In other words, in the gravity-compensated parallel mechanism, no torque will be produced by weight of the links and platform at the actuators for any configuration of mechanism under static conditions. On the other hand, in mechanism with elastic elements (linear or torsion springs), static balancing can be defined as the set of conditions which the total potential energy of the mechanism including gravitational potential energy and potential energy stored in the springs constant for any configuration of mechanism. Without using springs, static balancing can be defined as the set of conditions, which the total gravitational potential energy of the mechanism constant for any arbitrary motion of the mechanism. It means that the center of mass of mechanism does not move in the direction of gravity vector.
As mentioned earlier in the literature survey, the use of springs for static balancing is preferred as it adds very little mass and inertia to the system. The resulting mechanism is balanced for any orientation of its platform with respect to the polygon formed by wheel-ground contact points.
The position vector of the center of mass of the vehicle with respect to the fixed frame can be expressed as:
, and m i and r i are defined as mass and position vector of ith moving part, respectively. n m represents total numbers of moving parts. Generally, the position vector of the center of mass is configuration dependent. Therefore, it is presented as a function of configuration vector of the mechanism θ . According to the condition for static balancing, the position vector of center of mass has to be independent from the configuration vector θ ; hence, the position vector F [r CG ] can be written as:
In this study, the weight of the vehicle is one of the main concerns, for which the elastic elements (springs) are used. The total potential energy of the vehicle is defined as the sum of the gravitational and elastic potential energy and can be written as:
where g is the gravitational acceleration vector and n s is the number of springs in the vehicle, K j is the stiffness of the jth elastic element and S j and S 0 j are the length and free-length of jth elastic element, respectively.
The condition for static balancing when springs are used is that the total potential energy of the vehicle be constant for any configuration of the system. The gravity compensation by elastic elements, usually requires the undeformed length of springs to be equal to zero. Zero free-length springs can physically satisfy this requirement.
Potential Energy of Highly Reconfigurable Articulated Wheeled Vehicle
A highly reconfigurable articulated wheeled vehicle with six degree-of-freedom chassis is demonstrated in Fig. 1 . This vehicle consists of four identical leg-wheel subsystem connecting chassis to multiple wheels. Each of these articulated leg-wheels consists of reconfigurable four-bar mechanism attached to the wheel-axle. The fixed coordinate frame {F}-{X F ,Y F , Z F } attached to the ground with Z F pointing vertically upward.
Similarly, the body coordinate frame {B}-{x B , y B , z B } is attached to the chassis. The Cartesian coordinate of chassis is given by position vector of frame {B} with respect to the fixed frame {F}, noted 
which 'c' and 's' stand for trigonometric functions 'cosine' and 'sine', respectively.
Gravitational Potential Energy
As stated before, in parallel mechanisms without springs, static balancing can be defined as the set of conditions, which the total gravitational potential energy of the mechanism constant for any arbitrary motion of the mechanism. It means that the center of mass of mechanism does not move in the direction of gravity vector. Therefore, it is required to find the position vector of each of these masses in the articulated vehicle. can be expressed as a function of the position and orientation of chassis (the homogeneous transformation starting from the fixed frame to the chassis, denoted by F A B ), i.e.,
The position vector of mass center of the chassis in frame {B} is expressed as B [r P ] = [x P y P z P 1] T , then the position of mass center of the chassis in fixed frame can be written as:
The notations and vectors for the ith leg-wheel subsystem of the vehicle is illustrated schematically in Fig. 2 . A reference frame {W i }-{x W i , y W i , z W i } is attached to the end of the second link at the wheel axle. The coordinates of origin {W i } expressed in fixed frame {F} is [X W i Y W i Z W i ] T with i = {1, 2, 3, 4}. The unit vector z W i is defined along the second link, i.e., from the origin of {W i } toward joint J 2i and y Wi is defined along the wheel axle. Also, points CG 1i and CG 2i denote the center of mass of first and second link, respectively.
Let γ i be the angle of second link relative to the positive direction of the unit vector X F and ζ i be the angle between the positive direction of x Wi of the wheel axle frame and the unit vector X F in fixed frame from the top view. Notice that leg-wheel subsystems are denoted by i = {1, 2, 3, 4} viewed from top in clockwise direction such that left-front leg-wheel is i = 1. Therefore, the homogeneous transformation starting from the fixed frame to the wheel axle frame {W i } can be written as:
For static balancing of articulated wheeled vehicle, a special architecture is proposed for the legs. A reconfigurable four-bar mechanism is employed and a spring is attached inside of four-bar mechanism (see Fig. 3 ). The center of mass of the second link of the ith four-bar mechanism can be expressed as
where F [r CG 2i ] and W i [r CG 2i ] are the position vectors of the center of mass of the second link respect to the fixed {F} and wheel-axle frame{W i }, respectively. As presented in Fig. 3 , l CG2i is the location of center of mass respect to the local coordinate frame {W i }; thus
Similarly, Eq. (8) can be written to find the position vector of joint J 2i respect to fixed frame {F} as:
where l 2i is the length of second link. Correspondingly, the position vector of mass center of link 4 with length l 4i , and the position vector of joint 3 (J 3i ) can be computed, respectively, as:
One can compute the position vector of center of mass of first link of ith leg-wheel subsystem from the position vectors F [r J 1i ] and F [r J 2i ] as: Link 3 is a prismatic link which make link 3 as variable-length link in the four-bar linkages. The link length variation adds redundancy and endows reconfigurability to the leg-wheel subsystem such that the AWV can change internal configuration and chassis elevation without relocating the wheel-ground contact points. Since the link length is variable during reconfiguration of AWV, the location of mass center of the link 3 (q i ) will be changed. To find the mass center, we need to compute the unit vector along the link 3.
From Fig. 4 , one can compute the unit vector along the link 3, u 3i , from the position vector of joints J 0i and J 3i as:
where q i is displacement coordinate and h 1 is a constant number which is shown in Fig. 4 . Therefor, the mass center of link 3 can be computed easily from the unit vector u 3i as
The global mass center of the vehicle, noted F [r CG ], can then be written as:
where m ji is the link mass which is shown in Figs. 3 the gravitational potential energy is emerged from this component. Thus, the total potential energy due to gravity can be written as:
From Eq. 17, one can realize that total potential energy due to gravity is function of the following configuration variables, Z B , Z Wi , r 31 , r 32 , r 33 , sin(γ i ), q i +h . If the coefficients of the joint and Cartesian variables vanish, then the global center of mass of the vehicle will be fixed for any configuration of the vehicle. To accomplish this, we introduce zero free-length springs to the mechanism. These zero free-length springs can physically satisfy the requirement.
Elastic Potential Energy Stored in Springs
Perfect equilibrator design requires that an elastic potential energy function be function of configuration vector i.e. rotation angle β i and displacement coordinate q i . A parallel-link equilibrator configuration has been designed, as shown in Fig. 4 , which introduces the desired elastic potential energy function. In this leg-wheel subsystem four zero free-length springs have been employed. From Fig. 4 , it is obvious that with extension of spring with stiffness K 1i the potential energy stored in this spring will be increased, and on the other side, the spring installed on the parallel-link will be compressed, and consequently, the stored potential energy in K 2i will be decreased, and of course, with compression of spring K 1i , spring K 2i will be extended. Therefore, the total potential energy stored in these two springs can be maintained constant with proper spring constant selection.
The elastic potential energy stored in a linear spring with stiffness K 1i (see Fig. 4 ) can be obtained as:
The elastic potential energy stored in K 2i can be computed as
The total potential energy stored in the springs with stiffness K i and length S i can be written as:
where it is assumed that springs are zero free-length to obtain complete balancing, and e 1i and e 2i are distances from joint J 0i to both ends of spring with length S i , and β i is the angle of link 3 with respect to horizon.
where z J 0 and z J 3 are z component of joints J 0 and J 3 as shown in Fig. 3 , and parameters r 31 , r 32 and r 33 are the components of third row of rotation matrix in Eq. 3 and r 34 is equal to Z B . Here, it is assumed that e 2i = q i , i.e. springs K 1 and K 1i are attached to the same point on the link 3. Therefore, the Eq. 20 can be written as:
And finally, the elastic potential energy stored in K 3i can be computed as
Static Balancing Conditions for Articulated Wheeled Vehicle
In this study, the weight of the vehicle is one of the main concerns, for which the springs are used to eliminate vehicle's weight. To compensate the gravitational forces, the total potential energy due to gravity and elastic elements must be constant during the vehicle maneuvering. The total potential energy of the vehicle is defined as the sum of the gravitational and elastic potential energy as:
Substituting Eqs. (17), (18), (19) , (21) and Eq. (22) into Eq. (23), one can obtain the total potential energy of the articulated vehicle as:
After simplifying, the total potential energy, V T , can be written as
The total potential energy of the vehicle, V T , remains constant when the coefficients of Z B , Z Wi , r 31 , r 32 , r 33 , sin(γ i ), 
H 6 is the coefficient of Z W which is related to the position of the wheels in the Z direction. Because of reconfigurable structure of four-bar mechanism in leg-wheel subsystem, during the changing the vehicle platform elevation, the position of wheels maintain stationary. Therefore, the value of the Z W remains constant during reconfiguration of the vehicle. Thus, the potential energy due to the H 6 Z W maintains constant during vehicle maneuvering.
In order to show the variation of potential energy due to gravity, a dynamic simulation of the vehicle is implemented in MapleSim software. MapleSim is an advanced physical modeling and simulation tool that applies modern techniques to dramatically reduce model development time, provide greater insight into system behavior, and produce fast, high-fidelity simulations. Table 1 The parameters of statically balanced articulated vehicle.
Parameter Value
Parameter Value Parameter Value
The parameters of balanced mechanism obtained from Eq. (27) are given in Table 1 . For verification of statically balanced vehicle with parameters given in Table 1 , a physical model of balanced system is implemented in MapleSim to show the roughly constant potential energy of the system while the platform elevation is changing (illustrated with red line in Fig. 5, V gravity ) . The significant portion of the load is due to gravity which is configuration dependent. With proper selection of spring constants, spring attachment points and mass center of the links and platform, the total potential energy of the vehicle maintains constant even during vehicle elevation changes. In other words, in the gravity-compensated parallel mechanism, no torque will be produced by weight of the links at the actuators for any configuration of mechanism under static conditions.
As we mentioned before, in parallel structures with articulated legs, in addition to having high performance, torque minimization also is one of the biggest challenges. Here, elimination of static torques due to gravity through static balancing significantly reduces the torque requirements and provides much more efficient design (reduction of the actuator size) as shown in Fig. 6 . Now, a balanced articulated mechanism is easier to move its platform with very small actuator forces.
Conclusion
In articulated wheeled vehicles, the terrain-contact wheels are attached to the chassis via an articulated-multibody chain. They offer superior uneven terrain traversal capabilities by virtue of the reconfigurability within their articulated structure. Changing the vehicle platform elevation with multiple legs requires considerable power because of the payload. Hence, reducing or eliminating these static forces needs careful consideration. In this paper, the static balancing of articulated vehicles with multiple leg-wheel subsystems was examined with finding the total potential energy of the vehicle. Undeniably, having balanced condition leads to smaller size and less powerful actuators and it also improves the efficiency. Finally, we showed that elimination of static torques due to gravity reduces the torque requirements and provides much more efficient design with significant reduction of the actuator sizes.
